AGS Department, Brookhaven N a t i o n a l Laboratory Associated I J n i v e r s i t i e s , I n c . , Ilpton, NY 11973 USA Summary A f a s t beam chopper h a s been b u i l t t h a t can produce a n a r b i t r a r y p u l s e program of t h e 200 MeV 11-beam f o r synchronous i n j e c t i o n i n t o moving r f bucke t s i n t h e AGS.
i n g bunches.
I t i s a n e l e c t r o s t a t i c d e f l e c t i o n d e v i c e w i t h 15 p a i r s of p l a t e s l o c a t e d above and below t h e 35 keV 11-beam between t h e i o n s o u r c e and t h e RFQ p r e i n j e c t o r .
The p l a t e s a r e spaced 26 mm a p a r t i n t h e bean d i r e c t i o n and connected a s a slowwave s t r u c t u r e by c o a x i a l c a b l e s .
They a r e d r i v e n t o f 760 V by dc-coupled p u l s e g e n e r a t o r s .
Beam c u r r e n t r i s e and f a l l times a r e l e s s than 10 ns.
I n t r o d u c t i o n I n j e c t i o n , r € c a p t u r e , and e a r l y a c c e l e r a t i o n a r e c r u c i a l s t e p s t o s u c c e s s f u l o p e r a t i o n of t h e s y n c h r o t r o n , i n p a r t i c u l a r , t h e v a s t m a j o r i t y of p a r t i c l e l o s s e s i n a n a c c e l e r a t i o n c y c l e occur duri n g t h e s e s t e p s . R€ c a p t u r e losses c o u l d , i n p r i nc i p l e , be e l i m i n a t e d by an a d i a b a t i c t u r n o n of t h e r f v o l t a g e . But f o r a h i g h i n t e n s i t y machine such a s t h e AGS, t h e long time r e q u i r e d € o r a d i a b a t i c c a p t u r e would be p r o h i b i t i v e , because o t h e r l o s s
mechanisms, such a s t r a n s v e r s e stopband l o s s e s , d r i v e n by l a r g e b e t a t r o n tune s p r e a d s due t o space charge a t low e n e r g y , would d e f e a t t h e advantage of e f f e c t i v e r f c a p t u r e .
Optimized non-adiabatic capt u r e schemes have been used w i t h some s u c c e s s , l b u t e f f i c i e n c i e s a r e l i m i t e d .
I n o r d e r t o e l i m i n a t e t h e r f c a p t u r e p r o c e s s a l t o g e t h e r , a f a s t chopper h a s been b u i l t t h a t can p r e p a r e t h e r f bunch s t r u c t u r e of t h e beam b e f o r e i n j e c t i o n i n t o phase s t a b l e bucke t s i n t h e AGS.
The e l i m i n a t i o n of r f c a p t u r e l o s se s may r e l a x some of t h e c o n s t r a i n t s on o p t i m i z i n g o t h e r f a c e t s of t h e e a r l y a c c e l e r a t i o n p r o c e s s . Moreover, t h e presence of time s t r u c t u r e on t h e i n j e c t e d beam a l l o w s i n v e s t i g a t i o n of t h e causes of o t h e r e a r l y l o s s e s by e n a b l i n g ac-coupled i n s t r umentation d e v i c e s t o s e e t h e beam a t i n j e c t i o n .
To be e f f e c t i v e , t h e chopper must have complete c o n t r o l l a b i l i t y of t h e i n j e c t e d p u l s e program ( s e e below).
This c o n t r o l l a b i l i t y a l s o opens t h e p o s s ib i l i t y f o r u s i n g t h e chopper a s a s t u d i e s t o o l .
A s p e c i f i e d l o n g i t u d i n a l e m i t t a n c e can be o b t a i n e d by p o p u l a t i n g o n l y t h e a p p r o p r i a t e a r e a of phase space w h i l e t h e beam i n t e n s i t y can be independently cont r o l l e d by t h e number of t u r n s i n j e c t e d .
Conversel y , a t f i x e d i n t e n s i t y , t h e i n i t i a l d i s t r i b u t i o n i n *Work performed under t h e a u s p i c e s of t h e U.S. Department of Energy. phase space can be programmed t o s t u d y such e f f e c t s a s t h e dependence o f b e t a t r o n tune d e p r e s s i o n on l o n g i t a d i n a l hunching f a c t o r and t h e s t a b i l i t y of hollow d i s t r i b u t i o n s i n t h e p r e s e n c e of bean c o n t r o l feedback loops.2
Zero i s an allowed v a l u e of t h e w i d t h , which g i v e s hunch-to-bunch i n t e n s i t y c o n t r o l , u s e f u l f o r s t u d i e s of t r a n s i e i t beam l o a d i n g on t h e a c c e l e r a t i o n c a v i t i e s .
A p p l i c a t i o n s Program I n j e c t i o n i n t o t h e AGS i s done while t h e inagn e t i c f i e l d i s r i s i n g a t a r a t e of 0.5 T / s . ' T h i s i s done t o minimize t h e time t h a t t h e beam must spend a t t h e lowest energy where space charge e € -f e c t s a r e g r e a t e s t .
Also, t h e power s u p p l y r i p p l e would be e x c e s s i v e a t t h e low v o l t a g e needed € o r z e r o r i s e r a t e a t t h e i n j e c t i o n f i e l d l e v e l (250 Gauss). The s y n c h r o n i z a t i o n energy ( E = t h e energy OE d p a r t i c l e t h a t does not change p s a s e w i t h res p e c t t o t h e r f ) , t h e r e f o r e , depends on time d u r i n g t h e i n j e c t i o n process.
The 
h a t t h e r a d i u s of t h e o r b i t of t h e Synchronous
p a r t i c l e i s c o n s t a n t . I n t h a t c a s e , E, = 7 . 0 tleV/ms.
A t t h e o t h e r e x t r e m e , a c a p t u r e s t r a t e g y c o u l d c h o o s e i / f = y i ; i(/B s o t h a t t h e synchronous
energy i s c o n s t a n t . The r a d i u s of t h e synchronous p a r t i c l e w i l l change t h e n a t t h e r a t e of -3.5 cm/ms.
S i n c e t h e l i n a c energy i s c o n s t a n t , t h e former c h o i c e i m p l i e s t h a t t h e phase c o o r d i n a t e s of t h e s e p a r a t r i x a t t h e i n j e c t e d beam energy w i l l change c o n t i n u o u s l y d u r i n g i n j e c t i o n . While f o r t h e l a t t e r c a s e one i s i n j e c t i n g i n t o a s t a t i o n a r y bucket a t t h e synchronous energy and t h e boundaries a r e always t T I .

The chopper accommodates t h i s v a r i e t y of c h o i c e by u s i n g p r e -c a l c u l a t e d phase c o o r d i n a t e s f o r t h e edges of each p u l s e t h a t i s i n j e c t e d . The coordin a t e s a r e f e t c h e d o u t i n real time from a f a s t memory and used t o t r i g g e r t h e h i g h v o l t a g e p u l s e r s t h a t s w i t c h t h e beam on and o f f .
The memory cont e n t s a r e c a l c u l a t e d by a n i n t e r a c t i v e a p p l i c a t i o n s program i n t h e AGS Apollo-based computer c o n t r o l system. An example of t h e g r a p h i c o u t p u t of t h e program i s shown i n F i g u r e 1. The i n p u t v a r i a b l e s a r e : rE v o l t a g e / t u r n , B , f , i n j e c t e d synchronous energy, bean c u r r e n t , and number of t u r n s t o i n j e c t . The o u t p u t i s a g r a p h i c d i s p l a y of t h e s e p a r a t r i x and t h e a r e a i n t o which p a r t i c l e s w i l l be i n j e c t e d .
. . Tigure 1. Chopper c o n t r o l prograin o u t p u t ; b u c k e t , bunch, and a r e a i n t o which p a r t i c l e s a r e i n j e c t e d .
Numerical
The f e a s i b i l i t y of imp1e:iienting a chopper with t h e necessary f l e x i h C I i t y €olLows from t h e change of t h e AGS p r e i i i j e c t o c Erom a Cockcroft-Xalton t o an RFQ l i n a c . 4 T h i s jnade t h e beam a c c e s s i b l e a t Sround p o t e n t i a l while i t is a t a low enough energy ( 3 5 keV) s o t h a t i t can be e f f e c t i v e l y d e f l e c t e d with p r a c t i c a l v o l t a g e s .
The chopper i s a pulsed e l e ct r o s t a t i c d e f l e c t o r , l o c a t e d between t h e i o n s o u r c e and t h e RFQ, midway between tWo f o c u s i n g s o l e n o i d s t h a t inatch t h e beam t o t h e RFQ a c c e p t a n c e . The bean d i a w t e r is 80 mm a t t h a t p o i n t .
Ilnwanted bean i s r e j e c t e d by d e f l e c t i n g i t o u t s i d e t h e opening of a l b mm d i a . n e t e r c i r c u l a r a p e r t l i r e which is l o c a t e d a t t h e e n t r a n c e O F t h e RFQ, 2 2 mm u p s t r e a n from t h e vane tip,;.
The bean i s r a p i d l y converging a t t h i s p o i n t with a w a i s t i n s i d e t h e RFQ.
The T w i s s -. Lgure 2 . Chopper slow-wave s t r u c t u r e .
parameters a r e a = 5.0 and 8 = 0.27 : n and t h e beam e m i t t a n c e is 133 TI tnm mrad. With a p a r a l l e l bean i n t
h e chopper, t h e d e f l e c t i o n t h a t i s needed t o d i sp l a c e t h e beam o u t s i d e t h e a p e r t u r e is 44 mrdd, f i v e times what would be needed i f t h e a p e r t u r e were a t t h e w a i s t . Furthermore, when t h e chopper i s i n o p e r a t i o n , t h e space charge n e u t r a l i z a t i o n by i o n iz a t i o n of t h e r e s i d u a l y a s i s l o s t , and t h e beam becomes d i v e r g e n l i n t'ie chopper, i n c r e a s i n g t h e r e q u i r e d d e E l e c t i o n t o 6 5 Inrdd. Given t h e s i z e of t h e beam and t h e d e s i r e t o keep v o l t a g e s low, t h e a r r a y of d e E l e c t i n g p l a t e s was made 380 mm long i n t h e beau d i r e c t ion.
A drawback oE t h e low enerzy of t h e beam i s t h e long time of f l i g h t through t h e d e f l e c t i n g p l a t e s , 150 n s .
I n o r d e r t o g e t an a c c e p t a b l e r i s e / f a l l tiine on t h e beam p u l s e , i t was n e c e s s a r y t o segment t h e d e f l e c t i o n p l a t e s i n t o s t r i p s t h a t a r e 1 7 mm l o n g i n t h e beam d i r e c t l o n and 163 mm l o n g t r a n sverse.
The s t r i p s a r e l o c a t e d on 26 rnin c e n t e r s .
The v o l t a g e i s a p p l t e d t o t h e s t r i p s s e q u e n t i a l l y a t a r a t e t h a t (matches t h e beam v e l o c i t y a s a slm-wave s t r u c t u r e . The d e l a y between t h e s t r i p s i s o b t a i n e d by connecting them one t a t h e next w i t h t h e approp r i a t e l e n s t l i oE c o a x i a l c a b l e .
F i g u r e 2 shows t h e mechanical assembly of t h e chopper.
One can s e e t h a t t h e r e a r e two s e t s of s t r i p s , l o c a t e d above and below t h e beam.
There a r e two advantages t o t h i s
arraiigeinent; one, t h e magnitude oE t h e v o l t a g e needed i s halved and two, t h e e x t e n t of t h e f r i n g e E i e l d i n t h e beam d i r , x t i o n f o r each s t r i p i s a l s o halved. T h i s r e s u l t s i n reduced r i s e / E a l L tiine of t h e beam p u l s e . D e t a i l s of t h e tiinins o f t h e iinpedance of t h e s t r i p s t o the impedance of t h e c o a x i a l c a b l e s have been published e l~e w h e r e .~ P u l s e Generators
The slow wave s t r u c t u r e s a r e d r i v e n by a coinpLeaantary p a i r oE high v o l t a g e p u l s e j e n e r a t o r s . The p u l s e g e n e r a t o r s a r e cotmnercial u n i t s and r e f l e c t t h e s t a t e of t h e a r t oE f a s t high v o l t a g e p u l s e technology u s i n g power :10SFEI'S. 6 The generat o r s have both pull-up and pull-down t r a n s i s t o r s i n t h e o u t p u t s t a g e and, hence, have e q u a l r i s e and fall times of t h e o u t p u t p u l s e . The o u t p u t s a r e dc coupled t o t h e MOSFEI'S s o t h a t t h e v o l t a g e l e v e l i n t h e " o f € " s t a t e i s always z e r o , independent oE t h e d u t y € a c t o r of t h e waveform. T h i s i s an e s s e n t i a l f e a t u r e Eor t h e chopper s i n c e t h e u s a b l e beam i s taken when t h e p u l s e r s a r e "off".
The o u t p u t waveforms a r e shown i n F i g u r e 3 , measured with a Tekt r o i i i x 2467 oscilLoscope v i a a 40.9 dB power a t t e n ua t o r . The r i s e and f a l l times (10% t o 9 0 % ) a r e a l l l e s s than 9 ns.
The p u l s e a n p l i t u d e s a r e * 760 V o l t s . 
The e l e c t r o s t a t i c f i e l d of t h e chopp e r s t r o n g l y a f f e c t s t h e n e u t r a l i z i n g i o n s i n t h e 35 keV t r a n s p o r t l i n e .
When t h e chopper i s turned on, t h e beam i n t e n s i t y i s reduced by -15% and t h e r e j e ct i o n r a t i o i s only -80%. When t h e l i n e i s retuned f o r 100% r e j e c t i o n , t h e i n t e n s i t y i s f u r t h e r reduced t o 75% of t h e chopper-off v a l u e . R i s e / F a l l T i m e s . 
AGS Revolution Frequency.
A p r e c i s e measurement (0.01%) of t h e r e v o l u t i o n frequency of t h e l i n a c beam i n t h e AGS was made by i n j e c t i n g one bunch w i t h t h e r f system o f f and o b s e r v i n g a mountain range d i s p l a y of t h e w a l l c u r r e n t monitor s i g n a l . The d i s p l a y was t r i g g e r e d by a s t a b l e o s c i l l a t o r whose frequency was a d j u s t e d t o produce a c o n s t a n t phase p a t t e r n i n t h e d i s p l a y .
A measurement of t h e debunching time of t h i s bunch a l s o y i e l d e d a v a l u e f o r t h e energy s p r e a d of t h e l i n a c beam, dp/p = * 0.14 (l)%.
Linac Energy Spread.
The l i n a c energy s p r e a d was a l s o o b t a i n e d by o b s e r v i n g bunch r o t a t i o n of a s i n g l e i n j e c t e d t u r n .
The phase e x t e n t of t h e inj e c t e d p u l s e was s u f f i c i e n t l y small ( * 4 5 " ) t h a t t h e s y n c h r o t r o n frequency was c o n s t a n t throughout t h e bunch.
F i g u r e 5 shows a mountain range d i s p l a y a s t h e bunch r o t a t e s i n phase space.
From t h e minimum width i n time a t one q u a r t e r of t h e s y n c h r o t r o n p e r i o d , we i n f e r t h e l i n a c energy s p r e a d t o be d p / p = * 0.06 ( 3 ) % . The d i s c r e p a n c y w i t h t h e debunching r e s u l t i s n o t understood. B e t a t r o n Tunes v e r s u s Bunching F a c t o r .
Two d i f f e re n t i n i t i a l p o p u l a t i o n s of l o n g i t u d i n a l phase s p a c e w i t h e q u a l beam i n t e n s i t i e s were c r e a t e d by i n j e c ti n g 34 t u r n s of 90" phase e x t e n t , one c e n t e r e d a t t h e s t a b l e f i x e d p o i n t and one o f f s e t .
The number of t u r n s i n j e c t e d was chosen s o t h a t t h e d u r a t i o n of t h e i n j e c t i o n p r o c e s s was e q u a l t o one s y n c h r o t r o n period. Although t h e number of p a r t i c l e s i n j e c t e d was t h e same, t h e bunching f a c t o r s were d i f f e r e n t , B = 0.18 and 0.24. The c o h e r e n t b e t a t r o n t u n e s were measured f o r t h e two c a s e s by t h e FFT t e c h n i q u e .
The r e s u l t s a r e : f o r t h e l a t t e r . Furthermore, t h e tune s p r e a d s , as d e r i v e d from t h e l i n e widths of t h e FFT s p e c t r a , Y i n d i c a t e t h a t t h e moinrnt uo spread had doubled. 
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